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Abstract This article serves as an introduction to this
special issue of Marine Biology, but also as a review of the
key findings of the AQUASHIFT research program which
is the source of the articles published in this issue.
AQUASHIFT is an interdisciplinary research program
targeted to analyze the response of temperate zone aquatic
ecosystems (both marine and freshwater) to global warm-
ing. The main conclusions of AQUASHIFT relate to
(a) shifts in geographic distribution, (b) shifts in season-
ality, (c) temporal mismatch in food chains, (d) biomass
responses to warming, (e) responses of body size,
(f) harmful bloom intensity, (f), changes of biodiversity,
and (g) the dependence of shifts to temperature changes
during critical seasonal windows.
Keywords Aquatic ecosystems  Global change 
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Introduction
Ecological responses to climate change are evident across
systems and latitudes. Still, our ability to predict climatic
effects at the ecosystem level is limited due to the com-
plexity of direct and indirect interactions and the difficulty
to account for possible compensations as well as pheno-
typic and (micro) evolutionary adaptations at all levels.
Moreover, study programs covering diverse habitats, such
as freshwater lakes, rivers and marine environments, and
the whole range of responses at the genetic, physiological,
and ecological level are rare.
Understanding the patterns and mechanisms of climate
change impacts across ecosystems and different hierarchi-
cal levels was the focus of the DFG (Deutsche Fors-
chungsgemeinschaft = German Research Council) funded
priority program 1162 AQUASHIFT: ‘‘The impact of cli-
mate variability on aquatic ecosystems: Match and mis-
match resulting from shifts in seasonality and distribution.’’
The AQUASHIFT projects have been distributed all over
Germany covering marine and freshwater organisms and
communities and investigating responses to climate
warming at various hierarchical levels by using a broad
range of methodological approaches. The research program
lasted from 2005 to 2012 and is the subject of this special
issue in Marine Biology. This special issue represents a
series of focused summaries of the individual projects and
selected highlights resulting from the projects. The only
article outside the AQUASHIFT community is the review
by Russell and Connell (2012) emphasizing the importance
of spatial and temporal scale and interaction of climate
warming with other environmental stressors.
The AQUASHIFT program contained projects devoted
to three types of aquatic habitats including running waters,
lakes, and marine environments. Focal functional groups
Electronic supplementary material The online version of this
article (doi:10.1007/s00227-012-2085-4) contains supplementary
material, which is available to authorized users.
U. Sommer (&)  B. Bauer
Helmholtz Centre for Ocean Research (GEOMAR),
Du¨sternbrookerWeg 20, 24105 Kiel, Germany
e-mail: usommer@geomar.de
B. Bauer
e-mail: bbauer@geomar.de
R. Adrian
Leibniz–Institute of Freshwater Ecology and Inland Fisheries
(IGB), 12587 Berlin, Germany
e-mail: adrian@igb-berlin.de
M. Winder
Department of Systems Ecology, University of Stockholm,
10691 Stockholm, Sweden
e-mail: mwinder@ecology.su.se
123
Mar Biol (2012) 159:2367–2377
DOI 10.1007/s00227-012-2085-4
Author's personal copy
were benthos, plankton, and fish. The spectrum of meth-
odology comprised:
• Single-species culture experiments
• microcosm experiments, that is, experiments with
small, artificial communities assembled from cultures
• mesocosm experiments, that is, experiments with
natural communities
• analysis of field data, in particular long-term studies
• modeling studies
We briefly summarize here some of the highlights of this
project, while a detailed description of the individual
studies can be found in the original publications of the
AQUASHIFT program (Table 1), including the articles
contained in this special issue of MARINE BIOLOGY. An
extended version of Table 1 is available as an Electronic
Supplement 1 and contains all publications resulting from
the AQUASHIFT program. It can also be used as a
‘‘guide’’ to the scientific literature resulting from the
AQUASHIFT program. We conclude with key results and
with a discussion of how overarching projects across eco-
systems contribute to our understanding on the effects of
global change impacts.
The diversity of methods, focal ecosystems, subsystems
and organisms, and research questions precludes a statis-
tical meta-analysis across ecosystems, although results
were combined and contrasted to identify general patterns
if possible (e.g., Winder et al. 2012). Here, we highlight a
selection of the most important findings from studies of this
special issue and from AQUASHIFT articles published
elsewhere. The corresponding authors of this volume and
the principal investigators of the AQUASHIFT projects
have agreed on the interpretation of the selected highlights.
Major findings
Range shifts
Poleward shifts in geographic ranges belong to the most
expected and most often reported biological responses to
climate warming (Parmesan and Yohe 2003; Root et al.
2003; Walther et al. 2002). A well-studied aquatic example
is the northward range expansion of the invasive cyano-
bacterium Cylindrospermopsis raciborskii (Wiedner et al.
2007). Biogeographic studies within the AQUASHIFT
consortium were focussed on dragonflies, snails, and cili-
ates. The dragonfly studies showed both direct range shifts
as well as latitudinal shifts of life cycles, for example, in
voltinism, which likely cause range shifts (Braune et al.
2008; Flenner et al. 2010; So¨ndgerath et al. 2012). A
modeling study on the distribution of NW European
freshwater pulmonate snails (Burgmer et al. 2007;
Cordellier et al. 2012; Pfenninger et al. 2011) predicted
range shifts based on present-day temperature niches of
snails. Areal range losses in the South are expected to be
bigger than range gains in the North, even under unlimited
dispersal. In an experimental study using European popu-
lations of the freshwater ciliate Paramecium (Krenek et al.
2012), it became obvious that all high-latitude Paramecium
genotypes may benefit from increasing temperatures by an
enhanced population growth, while only certain genotypes
at the warm edge of their current geographic range (Eur-
ope) would be sensitive to climate warming. Similar to
most bioclimatic envelope studies, evolutionary changes of
the temperature niche were not accounted in these studies,
but local adaptation to a tropical temperature regime were
apparent in one Paramecium strain (Krenek et al. 2012). A
further example for local temperature adaptation comes
from a comparative study of populations of the sea grass
Zostera marina originating from a latitudinal gradient from
Norway to the Mediterranean Sea. They were exposed to a
heat wave in a common garden experiment. Surprisingly,
southern and northern populations lost shoots and showed
damage due to heat to a similar extent (Bergmann et al.
2010; Winters et al. 2011). This was consistent with stress
gene expression measurements during the acute heat stress.
However, when the global gene expression profile was
examined using next-generation RNAseq technology,
southern population returned much faster to normal, con-
trol group gene expression patterns, thus revealed ‘‘tran-
scriptomic resilience’’ (Franssen et al. 2011).
A comparison of the ecology of small, pelagic fish from
German lakes (small Coregonus spp.) and the North and
Baltic Seas (herring and sprat) indicates that these cold- or
cool-water species are at risk under future warming
because of suboptimal water temperatures. A substitution
by trophodynamically equivalent, warm-water fish species
(e.g., sardines and anchovies for herring and sprat) was not
found, but cannot be excluded for the future. A somewhat
contradicting result was found by Haslob et al. (2012) who
predicted maximal population growth rates of sprat at
moderate warming (4 C above present), while 6 C
warming would have adverse effects. Besides continuous
range shifts, invasions of non-native species change bio-
geographic distributions of species. Though primarily
caused by man-made vectors, Weitere et al. (2009) dem-
onstrated that the establishment of invasive species can be
facilitated by warming.
Shifts in seasonality
Similar to range shifts, an earlier onset of biological spring
events belongs to the most expected responses to global
warming and has frequently been reported from aquatic
ecosystems (Weyhenmeyer et al. 1999; Gerten and Adrian
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Table 1 Scientific articles resulting from the AQUASHIFT program sorted by basic methodology and focal functional groups (‘‘benthos’’
includes also insects with benthic larval stages)
Basic methodology Focal functional group Publications
Single-species experiments Freshwater benthos Viergutz et al. (2012)*
Weitere et al. (2008)
Freshwater plankton Dziallas and Grossart (2011a)
Dziallas and Grossart (2011b)
Dziallas and Grossart (2012)*
Dziallas et al. (2011)
Krenek et al. (2012)
Marine plankton Dieckmann et al. (2012)*
Holste and Peck (2006)
Holste et al. (2009)
Isla et al. (2008)
Fish Petereit et al. (2008)
Microcosms Freshwater benthos Hillebrand (2011)
Hillebrand et al. (2012)*
Freshwater plankton Burgmer and Hillebrand (2011)
Hillebrand et al. (2012)*
Nomdedeu et al. (2012)*
Norf and Weitere (2010)
Viergutz et al. (2007)
Weitere et al. (2008)
Marine plankton Wohlers-Zo¨llner et al. (2011)
Mesocosms Freshwater benthos Schlief and Mutz (2009)
Marine benthos Bergmann et al. (2010)
Franssen et al. (2011)
Winters et al. (2011)
Freshwater plankton Berger et al. (2007)
Berger et al. (2010)
Sebastian et al. (2012)*
Winder et al. (2012)*
Marine plankton Aberle et al. (2007)
Aberle et al. (2012)*
Engel et al. (2011)
Hoppe et al. (2008)
Klauschies et al. (2012)*
Lewandowska et al. (2012)
Sommer and Lengfellner (2008)
Sommer and Lewandowska (2011)
Sommer et al. (2007)
Sommer et al. (2012)*
Winder et al. (2012)*
Wohlers et al. (2009)
Wohlers-Zo¨llner et al. (2012)*
Analysis of field data Freshwater benthos Burgmer et al. (2007)
Cordellier et al. (2012)*
Freshwater plankton Adrian et al. (2012)*
Huber et al. (2010)
Huber et al. (2012)
Hu¨lsmann et al. (2012)
Rolinski et al. (2007)
Seebens et al. (2009)
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2000; Wehenmeyer 2001; Edwards et al. 2002; Stenseth
et al. 2002), often concentrating on the timing of plankton
spring blooms. While a general trend toward earlier timing
of seasonal blooms at warmer temperature was observed in
marine and freshwater mesocosm experimental studies
(Tirok and Gaedke 2007a, b; Winder et al. 2012), this
pattern is not consistent across ecosystems. For example,
retardation by warming (Wiltshire and Manly 2004) or the
absence of a response (Wiltshire et al. 2008) was reported
for the Helgoland time series, German Bight, North Sea. A
further extension of the analysis (Lohmann and Wiltshire
2012) showed a rather complex pattern, influenced by the
intrusion of clearer water from the Atlantic Ocean. Under
clear-water conditions, warming accelerates the spring
bloom, while under turbid conditions, growth rates of algae
become light-limited, and thus, temperature-enhanced
grazing can delay the bloom. The fundamental importance
of light for the timing of phytoplankton blooms has also
been shown by the Baltic Sea mesocosm experiments
(Sommer et al. 2012) and the limnetic mesocosm experi-
ments in Brunnsee (Berger et al. 2007, 2010). Both
increasing light and warming were shown to advance the
phytoplankton spring bloom (Klauschies et al. 2012;
Winder et al. 2012).
While surface irradiance and turbidity dominate the
effective light climate for phytoplankton growth in shallow
water bodies, this role is taken by turbulent mixing and the
seasonal shift between thermal winter mixing and summer
stratification in deep systems (Peeters et al. 2007a, b).
Here, the onset of stratification leads to a step-wise
Table 1 continued
Basic methodology Focal functional group Publications
Straile et al. (2010)
Tirok and Gaedke (2007a, b)
Wagner and Benndorf (2007)
Wagner and Adrian (2011)
Wagner et al. (2012a)*
Marine plankton Freund et al. (2012)*
Lohmann and Wiltshire (2012)*
Wiltshire et al. (2008)
Wiltshire et al. (2010)
Cross-system analysis Wagner et al. (2012a)*
Analysis of field and experimental data Freshwater plankton Paul et al. (2012)
Pinkhaus et al. (2007)
Wagner and Benndorf (2007)
Zeis et al. (2010)
Fish Mehner et al. (2012*
Across functional groups Daufresne et al. (2009)
Modeling Freshwater benthos Braune et al. (2008)
De SenerpontDomis et al. (2007)
Flenner et al. (2010)
Kupisch et al. (2012)
Moenickes et al. (2012)*
Richter et al. (2008)
Freshwater plankton Diehl (2007)
Huber et al. (2008)
Nomdedeu et al. (2012)*
Peeters et al. (2007a)
Peeters et al. (2007b)
Schalau et al. (2008)
Tirok and Gaedke (2006, 2007a, b)
Marine plankton Gaedke et al. (2010)
Klauschies et al. (2012)*
Fish Haslob et al. (2012)*
* Articles in this volume of Marine Biology
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increase in the light availability for phytoplankton (‘‘light
switch’’). Thus, the seasonal advancement of thermal
stratification under climate warming will also lead to an
earlier increase in light availability. In freezing water
bodies also ice melt can lead to a sudden change in light
(Rolinski et al. 2007). The interplay between temperature,
stratification, and light was also the focus of the limnetic
mesocosm experiments on Brunnsee (Sebastian et al.
2012), highlighting the role of thermal stratification as light
switch.
Phenological shifts in zooplankton key species and fish
larvae have also been demonstrated in field studies (Hu¨ls-
mann et al. 2012; Wagner et al. 2012b). The spring
increase in the grazing pressure by herbivorous zooplank-
ton is not necessarily a numerical response to elevated food
levels. It may be dominated by a temperature-induced
increase in the activity of overwintering zooplankton
‘‘which are already there’’ (marine copepods: Wiltshire and
Manly 2004; Sommer and Lewandowska 2011) or it may
be a temperature-triggered population increase relatively
independent of food conditions (Daphnia in Lake Con-
stance: Schalau et al. 2008; Straile et al. 2010). In the case
of the Saidenbach reservoir, Daphnia phenological patterns
were found to be independent of winter conditions (Hu¨ls-
mann et al. 2012). Rather, they depended on warming
during early stratification, which was also the critical per-
iod for hatching and early growth of fish (Wagner and
Benndorf 2007; Wagner et al. 2012b).
Temperature effects on the timing of biological events
can be quite variable between different groups of organ-
isms, even if other factors (e.g., light) are kept constant or
eliminated mathematically. While the spring bloom of
phytoplankton was only advanced by ca. 1 day per C of
warming (Sommer et al. 2012), emergence of dragonflies
was advanced by 6–7 days (Richter et al. 2008) and the
hatching of copepod nauplii by 9 days per C of warming
(Sommer et al. 2007).
Mismatch in food chains
A temporal mismatch between supply and demand in food
chains (Cushing 1990) has frequently been mentioned as a
potentially adverse effect of climate change (Visser et al.
1998; Edwards and Richardson 2004; Durant et al. 2007;
Thackeray et al. 2010). In fact, a mismatch between sea-
sonal maxima of food availability and food demand can be
expected if the seasonal development of both the producer
and consumer respond differently to warming or if only
one of both responds to temperature, while the other
responds to light (Winder and Schindler 2004). Assuming
that the phenology of consumers is evolutionarily tuned to
the present-day seasonality of food availability, the
expectation of an increasing risk of mismatch under a
changing climate seems highly plausible. Far reaching
effects of a trophic mismatch can be expected when sen-
sitive life cycle stages (nauplius larvae of copepods, fish
larvae; Cushing 1990) starve because their food organisms
bloom to early or too late. The subtitle of the AQUASHIFT
program indicates a strong motivation to look out for such
cases, both in the analysis of field data and in community
level mesocosm experiments, but clear-cut cases of such a
mismatch were pinpointed only rarely. A mismatch
between copepod nauplii and phytoplankton reported from
the first Baltic Sea mesocosm experiments under low
light—high temperature and high light—low temperature
combinations (Sommer et al. 2007) was not confirmed by
the subsequent experiments(Sommer et al. 2012).Warming
could even increase the synchrony between phytoplankton
and copepod nauplii under high light conditions (Klaus-
chies et al. 2012). Similarly, detailed field studies suggest
the presence of highly efficient life cycles strategies in a
freshwater copepod to tackle the phenology of its food
source, that is, the phytoplankton spring bloom (Seebens
et al. 2009). In the case of the phytoplankton–heterotrophic
protist link, warming increased the temporal synchrony
between both trophic levels as well (Aberle et al. 2012;
Tirok and Gaedke 2007a).
The lake mesocosm experiments (Berger et al. 2010;
Sebastian et al. 2012; Winder et al. 2012) did not report
cases of mismatch. In contrast, increased (light-dependent)
algal production and increased (temperature-dependent)
Daphnia growth both speeded up successional dynamics as
shown in coupled Daphnia–phytoplankton models (Diehl
2007). For the Daphnia–phytoplankton interaction, mod-
eling studies suggest that a mismatch is only likely to occur
under extreme warming and a strong reliance of Daphnia
dynamics on recruitment from resting eggs, triggered by
day length (De SenerpontDomis et al. 2007). In the Sa-
idenbach Reservoir study, climate-driven phenology shifts
of the participant species led to a switch between inverte-
brate and fish predation on the herbivorous zooplankton
(Wagner and Benndorf 2007; Wagner et al. 2012b). Sim-
ulations based on field and laboratory data showed that an
increase of environmental temperature has the potential to
cause a decoupling of the life cycle of Gammarus pulex and
the availability of its food resource leaf litter in temperate
streams (Moenickes et al. 2012; Kupisch et al. 2012).
Changes in biomass
The metabolic theory of ecology (Allen et al. 2002; Brown
et al. 2004) predicts that at a constant supply rate of the
limiting basal resource (light or nutrient), biomass declines
with increasing temperature because of increasing meta-
bolic demands per unit biomass. This effect is enhanced at
the primary producer level if heterotrophic processes are
Mar Biol (2012) 159:2367–2377 2371
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more strongly accelerated by warming than photosynthesis,
as shown by an overview of Q10-data in Sommer and
Lengfellner (2008). This prediction was supported by the
mesocosm experiments by Mu¨ren et al. (2005) and
O’Connor et al. (2009). Within AQUASHIFT, the Baltic
Sea mesocosm experiments (Klauschies et al. 2012; Som-
mer et al. 2012; Winder et al. 2012), the microcosm
experiments of Burgmer and Hillebrand (2011), and mod-
eling Lake Constance phytoplankton (Tirok and Gaedke
2007b) also showed a declining phytoplankton biomass,
while the lake mesocosms did not show a decline of phy-
toplankton biomass under warmer conditions (Sebastian
et al. 2012; Winder et al. 2012). However, both freshwater
and marine mesocosm experiments agreed in demonstrat-
ing a dominant role of light for the determination of bloom
biomass (Klauschies et al. 2012). Climate-induced changes
in thermal stratification regime rather than direct temper-
ature effects positively affected cyanobacteria biomass
during summer (Wagner and Adrian 2009b). Zooplankton
species with high thermal tolerances such as thermophilic
cyclopoid copepods became more abundant (Wagner and
Adrian 2011).
For freshwater benthos, the decline in biomass was
tested at the level of macrofauna populations and on the
level of open biofilm communities in mesocosm experi-
ments. The clam Corbiculafluminea showed pronounced
decreases in the individual body mass with temperature
increase (Weitere et al. 2009). Also the total biomass of
riverine benthic ciliate communities showed significant
decreases with warming in summer as hypothesized (Norf
and Weitere 2010). However, biomass increases with
warming were measured in winter.
Changes of body size
Based on the data partially obtained from the AQUASHIFT
projects, Daufresne et al. (2009) claimed that a reduction in
body size should be considered the third universal response
to global warming after shifts in range and seasonality.
While the generality of this claim is still under debate
(Gardner et al. 2011), supporting evidence is cumulating
from mesocosm experiments (e.g., Yvon-Durocher et al.
2011), analyses of long-term data series (e.g., Winder et al.
2009), and even from the paleontological record (e.g.,
Finkel et al. 2007). Shifts toward smaller body size may be
brought about by species replacements, increase in the
share of juveniles, and size changes at defined develop-
mental stages, for example, maturity. The AQUASHIFT
projects found examples for shifts between differently
sized species in phytoplankton (Klauschies et al. 2012;
Sommer et al. 2012) and for a reduced size at maturity in
zooplankton (Isla et al. 2008; Sebastian et al. 2012).
Changes in age structure, however, were highly variable
and depended on sampling time, because experimental
populations were not in demographic equilibrium (Sebas-
tian et al. 2012).
In rivers, where benthic filter feeders are able to control
plankton passing by, episodic temperature changes can
significantly alter plankton size structure. Mesocosm
experiments by Viergutz et al. (2007) showed that summer
heat waves enhance nanoplankton (\20 lm) abundances
due to differential temperature responses of the plankton
growth rates and the grazing rates by filter feeders. The
increased abundance of nanoplankton leads to an increased
grazing pressure on bacteria (usually \2 lm) and thus to
shifts in plankton size structure (Weitere et al. 2008).
Harmful blooms
Warming is often expected to enhance harmful algal
blooms because the prototypes of such blooms, dinofla-
gellate red tides in the sea, and cyanobacterial blooms in
lakes are favored under stratified, warm summer condi-
tions. Warming increases the strength of thermal stratifi-
cation and thereby the separation between a light-rich and
nutrient-poor surface layer and a light-poor but nutrient-
rich layer below, a separation which provides a selective
advantage for large, vertically motile phytoplankton. While
no AQUASHIFT project dealt with red tides, an increased
tendency toward cyanobacterial blooms during summers
with elevated stability of vertical stratification and phos-
phorus richness was shown for Mu¨ggelsee (Wagner and
Adrian 2009a, b). Contrary to stratification effects, direct
temperature effects were unimportant in promoting domi-
nance of cyanobacteria. Some cyanobacterial species
(Anabaena sp.) benefitted directly from stable water col-
umn conditions, whereas for example, Planktothrix sp.
took advantage of stratification-induced internal nutrient
loading (Huber et al. 2012, Wagner and Adrian 2011).
Within a single cyanobacterial taxon (Microcystis aeru-
ginosa), warming favors toxic strains (Dziallas and
Grossart 2011b) but the toxicity is modulated by the
interaction with associated bacterial communities, which
themselves respond to temperature changes and other abi-
otic variables (Dziallas et al. 2011; Dziallas and Grossart
2012).
Changes in biodiversity
Model experiments with phytoplankton and periphyton
microcosms showed faster competitive exclusion at higher
temperatures (Burgmer and Hillebrand 2011, Hillebrand
2011), an effect that could be reversed by the presence of
herbivores (Burgmer and Hillebrand 2011). Independent of
the response of species richness, species replacements in
time become faster under warmer temperatures (Burgmer
2372 Mar Biol (2012) 159:2367–2377
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and Hillebrand 2011; Hillebrand et al. 2010, 2012). Thus,
temporal species turnover is enhanced and species persis-
tence reduced in warmed communities, both plankton and
benthos. These shifts in biodiversity have consequences for
functional performance of the communities. Lower rich-
ness translates into lower resource use efficiency (biomass
production per unit resource) and the accelerated species
replacements increased the temporal variability of biomass
production.
Genetic diversity might also be influenced by warming.
In cold-winter years, genetic diversity of Daphnia
increased significantly during spring, presumably due to a
higher contribution of emergence from resting eggs to
population growth (Hu¨lsmann et al. 2012). In addition, the
genetic composition of the population differed substan-
tially between cold- and warm winter years (Zeis et al.
2010). This will affect physiological capabilities of the
spring population to cope with high temperature and/or low
oxygen (Pinkhaus et al. 2007; Paul et al. 2012), life history
strategies, and potentially also the inducibility of defense
strategies against predators (Hu¨lsmann and Wagner 2007).
Changes in biogeochemical cycles
The effect of changed community composition on the
dynamics of biogeochemical cycles was studied in the
Baltic Sea mesocosms. While phytoplankton production
decreased or only slightly increased with warming (Lew-
andowska et al. 2012), bacterial production and respiration
increased strongly with warming (Hoppe et al. 2008). As a
result, particulate organic carbon and particulate organic
phosphorus accumulated more strongly under colder con-
ditions, while dissolved organic carbon accumulated more
strongly under warmer conditions (Wohlers-Zo¨llner et al.
2012). The effect on gas exchange with the atmosphere
consists of a reduced drawdown of DIC in the water and,
therefore, a reduced CO2 uptake from the atmosphere and
thus a weakening of the biological carbon pump (Wohlers
et al. 2009).
Dependence of warming responses on critical time
windows
Many biological responses cannot be explained by an
increase in long-term average temperature but by critical,
sometimes quite short periods during the annual climatic
and hydrographic cycle (Adrian et al. 2012). The condi-
tions during such critical time windows might have con-
sequences in biomass and compositional patterns several
months later. It has, for example, been shown for Bautzen
Reservoir that May temperatures [14 C result in a sum-
mer depression of the dominant herbivorous zooplankton
Daphnia galeata, because only under such conditions, the
mid-season minimum of phytoplankton biomass (‘‘clear-
water phase’’) coincides with maximal predation by the
predatory zooplankton Leptodorakindtii and juvenile perch
(Wagner and Benndorf 2007). Similarly, interannual vari-
ability of lake summer crustacean plankton responded
more strongly to temperatures around the clear-water phase
than to summer temperatures (Huber et al. 2010). However,
such critical time windows often cannot be defined by
certain calendar months or weeks but by the hydrographic
cycle or important cardinal events such as the timing of
ice-off or the timing of the clear-water phase (Wagner and
Adrian 2009a). To account for such dependencies and to
provide a framework for comparison across ecosystems,
Wagner et al. (2012a) propose a classification scheme
which combines hydrographically defined periods of the
year with a cold–warm classification based on long-term
temperature records.
Conclusions
The AQUASHIFT projects reported in part quite complex
response patterns to climate warming which go beyond the
easily expected ones, such as poleward distribution chan-
ges, earlier start of the growth season, and increased met-
abolic rates. Present-day biogeography, latitudinal clines in
phenology, and physiological temperature response curves
are necessary ingredients to understand and predict the
future state of ecosystems, but they are not sufficient.
Interactions of temperature with other features of the
physical environment and biotic interactions may overrule
direct temperature effects. Thermal stratification and its
consequences for light and nutrient supply in the surface
layer of stratified lakes and oceans is the most prominent
indirect physical effect of warming (Peeters et al. 2007a,
b). In shallow water bodies, water level changes due to
enhanced evaporation and their consequences on the sedi-
ment–water nutrient flux have to be considered.
Biotic interactions as modulators of climate change
effects have been reported from several AQUASHIFT
projects (Burgmer and Hillebrand 2011; Dziallas and
Grossart 2012; Gaedke et al. 2010; Klauschies et al. 2012;
Sommer and Lewandowska 2011; Wagner and Benndorf
2007; Wagner et al. 2012b) as well as from terrestrial
ecosystems (Suttle et al. 2007). For two-link food chains, it
is easy to predict an increasing disadvantage for the prey, if
the predator profits more strongly from warming than the
prey. Predictions become already less straightforward for
tritrophic interactions with an intermediate consumer,
which competes with the predator for prey but is also
consumed by the predator (e.g., phytoplankton—hetero-
trophic protists—crustacean zooplankton, Aberle et al.
2012) and will be still more difficult for complete food
Mar Biol (2012) 159:2367–2377 2373
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webs. Responses might be highly context-dependent, and it
remains a challenge for future research to identify when
and under which circumstances, trophic and non-trophic
interactions act as shock absorbers or amplifiers of climate
impacts.
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